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1. General neutrino interactions

Standard, Non-Standard, Even-Less-Standard?
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Standard neutrino interactions

Reactor and accelerator neutrinos

Among our favourite sources of neutrinos:
» Reactors and accelerators controllable & rather well
understood
» Still neutrino flux determination theoretical and experimental
challenge

> Interesting approaches:
» Compare two observables which have a similar relative flux
dependence, such that the flux cancels (why we are here...)
» Choose observables which are not too sensitive to the flux
normalisation (why | am here...)
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Standard neutrino interactions

Reactor and accelerator neutrinos

» Reactor and accelerator neutrinos sources typically below the
weak scale = well-described by Fermi theory of effective
interactions between four fermions
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Standard neutrino interactions

Reactor and accelerator neutrinos

P Reactor and accelerator neutrinos sources typically below the
weak scale = well-described by Fermi theory of effective
interactions between four fermions
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Standard neutrino interactions

Reactor and accelerator neutrinos

» Both sources typically below the weak scale = well-described
by Fermi theory of effective interactions between four fermions

Fermi Lagrangians (in flavor basis)

Lnc = —2V2Gk Z 8l (va’Y“PLVa)g)lg (V7 Pxb)
X=L,R

L = —2V2GF (84*PLv®) (éfB’yMPLV/3>
L3 = —2v26¢ (@7 Pu?) (PuPud”)
Y =eud,...
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Non-Standard neutrino interactions

» Idea: New high-energy physics may leave a similar trace like
the “integrated out” W and Z bosons in the low-energy
regime = Non-Standard modifications with respect to Fermi

theory
Vy [
Va €
Vv —
€g Vg
€p Vg
. g2
Interaction strength o< =%
m
v
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Non-Standard neutrino interactions

» Idea: New high-energy physics may leave a similar trace like
the “integrated out” W and Z bosons in the low-energy
regime = Non-Standard modifications with respect to Fermi

theory

NSI Lagrangians (in flavor basis)

ENSI —2V2Gr Z 62’5( (ﬁa’y“PLuﬁ) (E’medJ)

X=L,R
LM = _2v2Gr Z efx(ﬁ <§a'y”PLVﬂ> (W, Pxd™)
X=L,R

> cx mW g;,; ?  current bounds ~ 1073 — 10! dep. on flavor
NP
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General neutrino interactions

» Idea: What is the most general four-fermion interaction
Lagrangian if we admit right-handed neutrinos?
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General neutrino interactions

» Idea: What is the most general four-fermion interaction
Lagrangian if we admit right-handed neutrinos?

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors v;

L3 (1,92, 93,%a) = (192) (P3¢a)
LP (1,92, 93,%4) = (¥17°¥2) (V37 ¥a)
LY (Y1,92,%3,%8) = (¥17"92) (V3vutba)
LA (%1, 92,93, %) = ($17*7°%2) (P37u7°a)
T(wl,wz,wg,m) (910" 42) (30utba)
ot I[V 7]
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General neutrino interactions

» Reformulate in terms of definite chiralities:

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors );

L3y (1,42, 93, ) = (1 Pxtb2) ($3Pyta)
Ly (1, %2,93,%) = (17" Pxtb2) (Y37, Pyta)

LX (1, 92,93, 94) = (E o™ Pxp) (130, Pxtha)
) Y 7

= in principle 10 indep. interaction terms for chiral fermions
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General neutrino interactions

» Reformulate in terms of definite chiralities:

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors );

L3y (1, v1,¥3,94) = (1 Prvr) (V3 Pyiba)
NSI: L1y (1, v, 93, 9a) = (17" Prv) (€37, Py a)

L] (1,42, %3,%4) = (10" Prvr) (%30, Pribs)
XY =LR

= in principle 10 indep. interaction terms for chiral fermions
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General neutrino interactions

» Reformulate in terms of definite chiralities:

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors );

L3y (v, v, ¥3, %) = (TLPv) (b3Pyipa) = 0
NSI: £I\_/Y (VL7 v, %3, 9 4) (vL’YHPLVL) (@3’7NPY'¢4)

LL (VL7 v, ¢37 ¢4) (vLUIuDPLVL) (E30NVPL¢4) =0
LR

= in principle 10 indep. interaction terms for chiral fermions
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General neutrino interactions

» Considering left-handed and right-handed neutrinos, the
general four-fermion interaction Lagrangians can be
parametrised as

GNI Lagrangians (in flavor basis)

LGN — ZZ (61 w) .y (ﬁo‘(’)jz/ﬁ> (¥ Olep)

a,p j=1

c = ZZ (e“/’) (@aojuﬁ) (WO} d)

a,p j=1

» Ten e-parameters instead of two!

» Remark: Parametrisation not unique, but convenient
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General neutrino interactions

J S O; O;
1 €L (L =7°) (L —5°)
2 & V(1 +7°) (L =)
3 €R Yu(L =7°) (L +9°)
4 R Y. (1 +~°) (1 +~°)
5 €s (1 —~°) 1
6 & (1 ++°) 1
7 —€p (1—7°) 7°
8 —&p (1++°) O
9 €T o (1 —7°) ot (1 —~°)
10 er o (L +17°) ot (1 ++°)
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General neutrino interactions

Remark on Dirac or Majorana nature

GNI NC Lagrangian (in flavor basis)

SN Z Z (%), (70w”) @Of:)

a,p j=1

» In Dirac case (3 flavors), realness of £ implies:

L Lx ~  _ ~lx R _ Rx ~R _ ~Rx
€af = o> CaB T Pa> €T %Bar CaB T Pa>
S __ 5% P _  ~Px T _ ~Tx
€ap = €pas €af = TBa> €af = Pa>

which amounts to 90 free parameters.
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General neutrino interactions

Remark on Dirac or Majorana nature

GNI NC Lagrangian (in flavor basis)

SN Z Z (%), (70w”) @Of:)

a,p j=1

» In Dirac case (3 flavors), realness of £ implies:

L Lx ~  _ ~lx R _ Rx ~R _ ~Rx
€af = o> CaB T Pa> €T %Bar CaB T Pa>
S _ 5% P _ _~Px T _ ~Tx
€ap = Pas €af = TBa> €af = Pa>

which amounts to 90 free parameters.

» In Majorana case one finds additionally:
L/R ~L/R S/P S/P T T

€ap = T%Ba 0 Cap T %Ba v+ BT TEBa-

which reduces the set to 48 free parameters.
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General neutrino interactions

Remark on Dirac or Majorana nature

Subconclusion:

» If we discover general neutrino interactions which require
Dirac nature, the case is settled!

> If we discover Majorana-compatible general interactions, the
case is as open as ever.

[Rosen PRL48 1982], [Rodejohann et al. 1702.05721]
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General neutrino interactions
Possible Origin

» S/P/T cannot originate from dimension-6 SMEFT operators
» SM+RHv N gauge invariant EFT operators to generate €

SM+N EFT 1
Opne = C“ONe (2"Duep) (Naytes) + hoc.

SeB o Peﬁ ~S,eg*x A.Peg* (pNZ
€ap = €ap —Cap —Cap = 2Ca
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General neutrino interactions
Possible Origin

» S/P/T cannot originate from dimension-6 SMEFT operators
» SM+RHv N gauge invariant EFT operators to generate €

SM+N EFT 1
Opne = C“’Ne (2"Duep) (Naytes) + hoc.

SeB o Peg ~S,eg*x ~Pe5* gpN[
€af = €ap = Cap = €ap =20C

SM+N EFT 2
Oumee = 76 C5 (LuNs) e (Does ) +hc.

S, P, ~5 * ~P * INZ LNL
a,Bes = oc,Beé = ﬁ;a = Baeé = (Cﬁa(;g) (C(Saﬁg)
1
T, ~T, _ INE
cap’ = pa =5 (Chags)
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General neutrino interactions

Summary

Why consider GNI?

» Model-independent parametrisation of new physics (more
general than NSI)

> Indirect access to high energy scales m/g = (v/2/e GF)'/?
P Experimentally accessible by cross section measurements

» Can potentially discriminate Dirac from Majorana nature of
neutrinos

» Can be generated at the level of gauge-invariant dimension-six
operators

Open:

» Complete models generating them?
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2. Neutrino-electron scattering at

DUNE ND

Based on
[I.B., W. Rodejohann 1810.02220]
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Neutrino-electron scattering at the DUNE near detector

Neutrino fluxes

Neutrino beam Antineutrino beam
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> 106 “ Sy
va Sea

~4
~ M\\
=Y 0 5 10 15
E,/GeV

[DUNE; T. Alion et al. 1606.09550], Plot: [I.B., W. Rodejohann
1810.02220]

Ingolf Bischer General Neutrino-Electron Interactions 17



Neutrino-electron scattering at the DUNE near detector

Ideas:

1. Most abundand leptonic scattering v, + e — vg + e

What is the sensitivity of DUNE ND to new physics from this
process? [Falkowski et al. 1802.08296]

2. Matter NSI are known to affect the measurement of dcp. Can
we constrain them independently to support the measurement?
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Neutrino-electron scattering at the DUNE near detector

Ideas:

1. Most abundand leptonic scattering v, + e — vg + e

What is the sensitivity of DUNE ND to new physics from this
process? [Falkowski et al. 1802.08296]

2. Matter NSI are known to affect the measurement of dcp. Can
we constrain them independently to support the measurement?

The general interaction Lagrangian

10
oM~ —% Y3 (), (707) (@0%e)

a,f j=1
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Neutrino-electron scattering at the DUNE near detector

Differential cross sections

doy, s, G2Zm T T\? meT
Iz B F'''e 0 0 €
i —— |A+28B E +C(1 Ey) +D =
doy, 5w G2m T\?2 m.T
P F € 2B(1——=— | +A(1-— D—=
17 - C+ E + E + £

E, > me: energy of the incoming (anti)neutrino
T: kinetic energy of the recoiled electron
Asm = 2g870,5, Bsmu =0,

Csm = 28A0u5, Dsv = —2818RO 8
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Neutrino-electron scattering at the DUNE near detector

Differential cross sections

doy, v G2m T T\? meT
p—Vg e _ _ €
e 2 [A +28B (1 Ey) +C (1 E,,) +07,

T T\? meT
C+ZB<1—EV>+A(1—EU> +DE—3

1
L S P S P *
A = 2lefsl? + S (1esl? + lefial?) + Blesl? = 2Re (€5 + P)usels ) -

do’ﬁuﬁpg G2 me
dT

1

B = —Z(|€55|2 + |65512) + 8|615|2

C =2l + (| >+ lefisl?) +8lelsl” + 2Re ((¢° + €F)
€up €up €up €up e (¢ +€Mupeis

= —2Re ( #5(?#[3) + 5‘6#5’2 — 8’6,“5'2 .
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Neutrino-electron scattering at the DUNE near detector

Observable parameters

Exotic S, P, T interactions:
» Unless S/P and T non-vanishing depend only on ]ejuﬁlz
» Sum over final neutrino flavors:
12— 2
Observables = |, | = Z lesl®s j=S.PT
p=e,u,7
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Neutrino-electron scattering at the DUNE near detector

Observable parameters

Exotic S, P, T interactions:
» Unless S/P and T non-vanishing depend only on ]ejuﬁlz
» Sum over final neutrino flavors:
12 — 2 .
Observables = [€],|” = Z G4 /3’ j=SP, T
6267/‘1‘77
Non-Standard L, R interactions:
» Seperate SM and NSI contributions:

. 2
S .
> lgtus + 5% = (g + ™)+ D Il J=LR
B B=e,T
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Neutrino-electron scattering at the DUNE near detector

Observable parameters

Exotic S, P, T interactions:
» Unless S/P and T non-vanishing depend only on ]eJuBF
» Sum over final neutrino flavors:
12 — 2 .
Observables = [€],|” = Z G4 /3’ j=SP, T
ﬁ:e,#,T
Non-Standard L, R interactions:
» Seperate SM and NSI contributions:

i NSI .
Z)gj%ﬁ% \ (g +eND)*+ S 1,2, j=LR
B B=e,T

» Flavor diagonal and non-diagonal parts contribute seperately:

Observables = J NSI ]eJ NST|2 — Z 4 6‘2 j=LR
B=e,T
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Neutrino-electron scattering at the DUNE near detector

Observable parameters

In conclusion: 7 Observables

L/R,NSI L/R,NSI S/P/T
Obs. e €u | len |

L/R,NSI L/R,NSI L/R,NSI S/P/T S/P/T S/P/T
GNI €pp €pe |, lenr | lene Iy lepn " |5 lenr |

» 4 NSI and 3 exotic

» Reduces to 6 if we consider that S and P are indistinguishable
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Neutrino-electron scattering at the DUNE near detector

Experimental Setup

P> Assume 84t argon

» Measure kinetic energy of recoiled electrons (Ey, = 0, update
in prep.)

» Assume 0.06/+/E.(GeV) resolution

» 25425 years of operation (total 2.809 - 1021 POT per
channel)

» 1% flux normalisation uncertainty (5% update in prep.)
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Neutrino-electron scattering at the DUNE near detector

Expected recoil spectra in the SM and in presence of GNI

\ \
110 = et
L m et taeeein, :
B P 4

1 LNST _
- o
~ Lo .
= 09l en®)) = 0.25
o < |el] =0.02
| ° .oooo...... |
0.8l | "o.o" | | .‘ |
0 2 4 6 8 10

T/GeV

Spectral distortions good way to distinguish new interactions (less
flux normalisation sensitivity)
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Neutrino-electron scattering at the DUNE near detector
Expected bounds (90%CL) at 1% flux normalisation uncertainty, 2.5+2.5 years

Observ. NP Param. Proj. DUNE  CHARM-Il  H[TeV]
LNSI L,NSI

et e 40.0028 [~0.06,0.02] 6.7
6L,NSI |6L ,NSI |€L ,NSI 0.039 1.8
L : :
RNSI R,NSI

ef] ef] +0.0027 [~0.06,0.02] 6.8
65’NSI |6R’NSI| |6 NS 0.035 1.9
e el el leos 0.12 0.4 1.0
ef lef.], leb.l, L€, ] 0.12 0.4 1.0
€ leduls lel.l, el 0.012 0.04 3.1

Preliminary update: More conservative configuration of 5% flux
normalisation uncertainty and Ey, = 1 GeV weakens bounds by roughly
30% = still clear improvement
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Neutrino-electron scattering at the DUNE near detector

Expected two-parameter bounds

8 =
(&)
Nal
cflv 4 CT
o =
— ~
\
2 0 =8
Z. w
<3 -
v [
w
-8 =T
w
-0.006 0.000 0.006 0.2
L,NSI
Eppe

Flux normalisation uncertainty
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Neutrino-electron scattering at the DUNE near detector

Expected two-parameter bounds

y

Preliminary

Preliminary
/1072 (real)

/1073

R,NSI
Cup

-4

-8 B 5§

)

-0.006 0.000 0.006 -0.2  -0.1 0.0 0.1 0.2

L,NSI s S

o Cenr Cup>

Flux normalisation uncertainty ‘

€ 657_ (real)
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Neutrino-electron scattering at the DUNE near detector

Expected two-parameter bounds

0.20F T 0.20F T
g g
c <
— E — E
“3 015] S Af 0as) R
- / -
wi ool | {1 @ o0} ]
e \ A
N ! \ .
_- ‘ _-
wad 0.05F ! . w3 0.05f 1
w ‘ \ o
|
‘ l
0.00F_ ] 0.00 F ]
-0.006 0.000 0.006 -0.006 0.000 0.006
L,NSI R,NSI
€un Crup

Flux normalisation uncertainty ‘ ‘
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Neutrino-electron scattering at the DUNE near detector

Expected two-parameter bounds

o o o
g 5 g
E — 15 E
E ~ K
a — Q.
SE
— 1.0
& 2
i — 05
\ ! -
\ _-
“ | &
| N
. L 0.0
-0.006 0.000 0.006 -0.006 0.000 0.006
L,NSI R,NSI
€un Crup

Flux normalisation uncertainty ‘
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Neutrino-electron scattering at the DUNE near detector

Degeneracies

Can we uniquely identify new physics signatures?
> e,LL,FSI > 0 distinguished
> e,LLLIL\ISI <0, |€L 28 |eL NS1| degenerate
> RNSI < 0 distinguished
> RNSI > 0, [RNS]] |RNS]| qegenerate
> \ei|, |65\ degenerate
> \e/ﬂ distinguished
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Neutrino-electron scattering at the DUNE near detector

Degeneracies

Can we uniquely identify new physics signatures?
> e,LL,FSI > 0 distinguished
> e,LLLIL\ISI <0, |EL 28 |eL NS1| degenerate
> RNSI < 0 distinguished
> RNSI > 0,|e RNSI’ le RNSI| degenerate
> \ei|, |65\ degenerate
> \el| distinguished
Degeneracies with respect to flux normalisation:
> eﬁ}L\ISI >0, € R NSI < 0 or vice versa
> e
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Conclusion

General neutrino interactions
» leave distinct spectral signatures (NSl vs. S/P vs. T)
P are straightforward to include in fits
Sensitivity at DUNE ND (5 year run)
» Improved bounds up to one order of magnitude
» Scales up to 6 TeV indirecly accessible
» Spectral information reduces sensitivity to flux normalisation

» Complementary bounds on matter NSI to support the
robustness of the determination of dcp from v-oscillation
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Thank you!

...and thanks to Werner Rodejohann, Xun-Jie Xul!
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Backup slides
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Neutrino-electron scattering at DUNE ND

Data fitting

» Employed x? function:

s (14 VX (@) — WX’
(7@

2
a

(€)= — + E
Ua

X=v,,7, i=1

» a: compensation for uncertainties affecting the total number
of events (e.g. flux normalisation)

P> Assume in each bin statistically dominated U,X
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General neutrino interactions

Remark

Equivalent parametrisation of GNI:

G — =a .
L==T5 3 () (I1(C2+ Do)
a=S,P,V,A T

where
r2 e {1,iv’, 4" vy 0},
used by, e.g. [Kayser et al. PRD20 (1979)], [Rosen PRL48 (1982)]
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